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Abstract 
It is now recognized that for solution processed organic photovoltaics (OPVs) to be manufactured on 
a large scale the thickness of the photoactive layer must be substantially increased beyond the 
currently used ≤150 nm. We show that copper can replace silver as the reflective substrate electrode 
in high performance top-illuminated OPVs without compromising device power conversion 
efficiency when the photoactive layer is thick enough to absorb the majority of incident photons on 
first pass through the photo-active layer. Copper is one hundredth of the cost of Ag, enabling a 
significant reduction in the bill of materials for OPV manufacture.   
Keywords: copper, copper electrode, top illuminated, organic photovoltaic, thick bulk-
heterojunction 
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Organic Photovoltaic (OPV) devices have recently achieved a record power conversion 
efficiency of 17.3%1 using solution processed bulk-heterojunction (BHJ) light harvesting layers and 
so have reached the efficiency needed for a broad range of emerging applications.2,3 Key advantages 
of OPVs over other thin film PVs, are their compatibility with high-speed roll-to-roll processing and 
that rare or toxic elements can be completely avoided, which minimises materials cost4 and ensures 
environmental sustainability. Many different OPV device architectures have been developed falling 
into the categories of conventional, inverted, top-illuminated, semi-transparent and multi-junction, 
each offering advantages for particular applications or fabrication methods. For OPVs based on a 
single BHJ layer, conventional wisdom dictates that the power conversion efficiency is maximised 
when one of the electrodes is highly reflective across the full range of wavelengths over which the 
BHJ absorbs, because the thickness of the BHJ in most efficient single junction OPVs reported to 
date is only 100-150 nm which is insufficient to absorb all of the incident light across all wavelengths 
on the first pass through the BHJ layer. This constraint on the thickness of the light harvesting layer 
stems from the low and mismatched charge carrier mobility in the donor and acceptor phases 
comprising the BHJ.5,6 In recent years there has been a concerted effort towards developing solution 
processed OPVs with high performance using a much thicker BHJ of up to 400 nm,7–9 because it is 
now clear that the high defect density associated with much thinner BHJ layers together with the 
difficulty in achieving a uniform layer thickness over large areas using low cost printing methods 
when the BHJ is very thin, are serious obstacles to large scale manufacture.6,10–13 Whilst there are 
relatively few BHJs suitable for thicker junction OPVs, this paradigm is beginning to shift since it is 
now understood that if the charge carrier mobility in the donor and acceptor phases are sufficiently 
high and well matched it is possible to increase the junction thickness6,12 to  400 nm without 
incurring an unacceptable increase in device series resistance.6–9,12 At the same time, for many 
applications the top-illuminated device architecture, in which the substrate electrode is the opaque 
electrode and light enters the device through the transparent top electrode,14 is particularly attractive 
for a wide range of applications including in automotive15 and buildings integration16 applications. 
3 
 
Using an opaque bottom electrode has the advantage that it enables much more flexibility in the 
choice of substrate by removing the need to use conducting oxide coated glass or plastic.17 Whilst 
there have been continuous developments in the materials used for top-illuminated OPVs with regard 
to device engineering18–20, the substrate electrode used is invariably silver (Ag) because it is highly 
reflective in the wavelength range of 350 – 900 nm and offers good stability towards oxidation in 
air.18,20  However, using a Ag layer that is sufficiently thick to be optically opaque (> 80 nm) as the 
reflective electrode seriously erodes the cost advantage of OPVs,21 since Ag is a high cost metal. 
Consequently, there is a need to identify a viable much lower cost alternative to Ag for this important 
class of OPVs. Copper (Cu) is an attractive replacement for Ag in this context because it is less than 
1% of the cost of Ag with comparable electrical conductivity.22 However to date there are no reports 
of using Cu as the reflective substrate electrode in top-illuminated OPVs presumably because the 
reflectance of Cu for wavelengths ˂ 600 nm is less than 60% of that of Ag due to absorptive losses 
associated with inter-band transitions,22,23 which renders it unsuitable for OPVs with a light 
harvesting layer ≤150 nm. Additionally, Cu is more susceptible to air oxidation than Ag, limiting the 
extent to which Cu electrodes can be manipulated in air prior to device fabrication, and arguably also 
limiting the long-term device stability, since slow air ingress into the device is inevitable. Addressing 
the latter issue, we have recently shown that Cu can be passivated towards oxidation in air without 
electrical isolation or significantly altering the optical properties, rendering it as stable as Ag.24  
Herein we show, using the model BHJ; PCE10 (poly[4,8-bis(5-(2-ethylhexyl) thiophen-2-
yl)benzo[1,2-b;4,5-b']dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-
2-carboxylate-2-6-diyl)]) and PC70BM ([6,6]-phenyl-C71-butyric acid methyl ester), that Cu can be 
used as a drop-in replacement for Ag as the reflective substrate electrode in top-illuminated OPVs, 
without compromising device power conversion efficiency when the thickness of the BHJ is sufficient 
to absorb most of the incident photons with energy greater than the optical band gap of the light 
harvesting layer on the first pass, since Cu is as reflective as Ag at the band edge (λ ˃ 700 nm) which 
in the most critical region for high performance BHJ devices.  
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Optically thick metal films (85 nm) were deposited onto glass substrates modified with a 
monolayer of 3-mercaptopropyltrimethoxysilane (MPTMS) for Ag, and a mixed monolayer of 
MPTMS and 3-aminopropyltrimethoxysilane (APTMS) for Cu. These molecular adhesive layers 
ensure that the metal films are smooth and compact by nucleating slab-like film growth at very low 
thickness, which helps to ensure that parasitic losses due to surface plasmon excitation23 are 
minimised.  A solution processed ZnO layer25 deposited directly onto the metal substrate electrode 
was used as the electron-transport layer (ETL). A PCE10/PC70BM BHJ was employed as the photo-
active material for this study because PCE10 and PC70BM have well-matched electron and hole 
mobility enabling study of BHJ thickness up to 400 nm.26 A 10 nm molybdenum oxide hole-transport 
layer was deposited by thermal evaporation followed by an 11 nm thick Ag top window electrode.   
 
Figure 1: Total reflectance (specular and diffuse) of 85 nm thick Ag and Cu electrodes deposited by 
vacuum evaporation onto glass substrates derivatized with a silane molecular adhesive layer together 
with the AM 1.5G solar photon flux spectrum overlaid in the background.27  
 
In the first instance inverted OPVs were fabricated using the previously reported optimal 
thickness for PCE10/PC70BM heterojunctions of 100 nm.28 In such a thin BHJ the light distribution 
across the photoactive layer is strongly determined by interference between the incoming light and 
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that reflected from the back electrode, and charge carriers are generated within the bulk of the photo-
active layer regardless of the incident photon energy.10 It is evident from Figure 1 that the reflectance 
of the Cu electrode is much lower than that of Ag for λ ≤ 600 nm, falling to less than 60% for 
wavelengths below 550 nm, which at first glance would be expected to result in a significantly 
reduced short-circuit current density (Jsc) compared to identical devices using Ag as the reflective 
substrate electrode. However, it is important to recognize that the solar photon flux drops away 
steeply for λ ˂ 500 nm (Figure 1), which moderates the adverse impact of the lower reflectivity of Cu 
in this region. It is also apparent from the JV characteristics given in Figure 2(c) that the change in 
Jsc when Cu is used in place of Ag is relatively small and there is no significant change in open-circuit 
voltage (Voc) or device fill factor (FF). The external quantum efficiency (EQE) for devices using Cu 
as the substrate electrode (Figure 2 (d)) is lower than for devices using Ag for wavelengths < 600 nm 
but converges for wavelengths ≥ 650 nm, and in both cases the EQE is highest for wavelengths > 600 
nm, which is qualitatively consistent with the difference in the reflectance of the Cu and Ag substrate 
electrodes weighted by the solar photon flux. Simulation of the optical field distribution using transfer 
matrix model with extinction coefficient (k) = 0 for the BHJ (Figure 2(a) & (b)), show that there is a 
cavity resonance condition at λ ̴ 700 nm, and so photons with wavelength at and near to this value 
make a disproportionate contribution to Jsc as is evident from the EQE. Consequently, because of this 
strong optical interference effect, the average power conversion efficiency when Cu is used as the 
substrate electrode is only fractionally lower than when Ag is used (5.56% and 5.79% respectively 
(Table 1)).  
Bottom 
Electrode 
Active Layer 
Thickness/ nm 
Jsc ± 1SD  
/ mA cm-2 
Voc ± 1SD / V FF ± 1SD %PCE ± 
1SD 
Cu 
100 11.06 ± 0.24 0.76 ± 0.02 0.66 ± 0.01 5.56 ± 0.23 
300 10.62 ± 0.11 0.74 ± 0.01 0.60 ± 0.01 4.68 ± 0.18 
400 10.68 ± 0.21 0.74 ± 0.01 0.54 ± 0.01 4.32 ± 0.16 
Ag 
100 11.97 ± 0.44 0.75 ± 0.02 0.64 ± 0.01 5.79 ± 0.32 
300 10.53 ± 0.07 0.74 ± 0.01 0.59 ± 0.01 4.61 ± 0.10 
400 10.84 ± 0.22 0.74 ± 0.01 0.52 ± 0.01 4.18 ± 0.15 
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Table 1:   Summary of current density - voltage characteristics of devices with the architecture; Cu 
or Ag (85 nm) / ZnO (25 nm) / PCE10 – PC70BM (X nm) / MoOx (10 nm)/ Ag (11 nm); where X = 
100 - 400 nm, tested under 1 sun simulated solar illumination (100 mW cm−2; AM 1.5G). The error 
bars represent ± 1 standard deviation (± 1SD) determined from the performance of 20 - 30 devices 
with identical architecture. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Simulated optical field variation for OPV devices at different wavelengths with k = 0 for 
the BHJ when (a) Ag and (b) Cu are used as reflective substrate electrodes. Representative (c) current 
density - voltage (JV) characteristics and (d) EQE under one sun simulated solar illumination (100 
mW cm−2; AM 1.5G) for devices with the architecture: Cu or Ag (85 nm) / ZnO (25 nm) / PCE10 – 
PC70BM (100 nm) / MoOx (10 nm)/ Ag (11 nm).  
(b) (a) 
(c) (d) 
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For these devices, the thickness of the photoactive layer was ~ 100 nm and so over the 
wavelength range of 400 – 700 nm nearly 50% of the incident light is not absorbed on first pass 
through the BHJ layer: Figure 3(a). Consequently, the absorption of this residual light strongly 
depends on the efficient reflectance from the bottom substrate electrode, which directs the unabsorbed 
light back through the photo-active layer. Increasing the thickness of the photoactive layer increases 
the total amount of light absorbed on the first pass through the BHJ and when the thickness is 
increased to 400 nm the average absorbed light between 400 - 700 nm is increased to ~ 80%. 
Simulations of the optical intensity with k = 0 for the BHJ, show that for these thicker layers there are 
several cavity resonant modes occurring at 450 nm, 680 nm and 820 nm for a 300 nm thick BHJ 
and at 425nm, 575nm and 750 nm for the 400 nm thick BHJ (Figures S1 and S2). However, in 
the limit where all of the incident light is absorbed on first pass through the BHJ only the cavity 
resonance effect at the optical edge is of importance for photocurrent generation, since for shorter 
wavelengths there is a Beer-Lambert like optical field distribution (Figure S1 and S2). It is evident 
from (Figure 3(b) - (e)) that with increasing BHJ layer thickness, the Jsc and shape of the EQE 
spectrum when Ag and Cu are used as substrate electrodes converge, such that they are essentially 
identical when the BHJ is 400 nm in thickness. Increasing the thickness from 300 nm to 400 nm also 
shifts the cavity resonance so that it is more closely matched to the absorption edge: Figure S1 & S2, 
which is a significant advantage since it helps to extend the light harvesting capability of the device 
by a further 50 nm as evidenced by Figure 3(d) & (e).  
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Figure 3: (a) Transmittance of  the PCE10 – PC70BM BHJ at different thicknesses; representative 
current density – voltage characteristics for devices with the architecture: Cu or Ag (85 nm) / ZnO 
(25 nm) / PCE10 – PC70BM (X nm) / MoOx (10 nm)/ Ag (11 nm) measure under one sun simulated 
(b) 
(d) (e) 
(a) 
(c) 
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solar illumination (100 mW cm−2; AM 1.5G) where (b) X = 300 nm and (c) X = 400 nm; (d) and (e) 
are representative EQE for devices given in (b) and (c) respectively.  
 
Interestingly, in Figures 2 and 3 the onset of forward current injection in the dark is greatly 
suppressed as compared to that under illumination, which is atypical for OPVs. The large disparity 
in current density in the dark and light for V > Voc disappears after a few minutes of constant 
illumination, although is restored when the device is kept in the dark for an extended period: Figure 
S3. When the ZnO layer is substituted with a very thin (0.8 nm) aluminium layer24 (which also enables 
efficient extraction of electrons)29 this anomaly in the dark current characteristic does not occur; 
Figure S4, indicating that it is associated with the use of a ZnO electron extraction layer.30 This 
behaviour has previously been reported for OPVs using a ZnO electron extraction layer30 and is 
attributed to UV light induced O2 desorption from the ZnO, followed by its re-adsorption in the dark.  
Notably, the power conversion efficiency of the model top-illuminated devices used in this 
study is lower than that achievable using indium-tin oxide (ITO) glass as the transparent electrode, 
because the semi-transparent top Ag (11 nm) electrode reflects  36% of the incident light before it 
can enter the BHJ layer (Supporting Information S5 and S6). It is expected that optimisation of the 
transparency of the top electrode, either by using a thinner Ag top-electrode and/or Ag grid in 
conjunction with an anti-reflecting layer, would reduce the reflectance to < 10%, such that 
substantially more light could be coupled into the device.    
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Conclusion 
In summary we have shown that optically thick Cu films can be used as a drop-in replacement for 
reflective Ag electrodes in efficient top-illuminated OPV devices without sacrificing device 
efficiency, when the photo-active layer is thick enough to absorb most of the incident light on first 
pass through the BHJ layer, since Cu is as reflective as Ag where it matters most for high performance 
BHJ devices; i.e. at the band edge (λ ˃ 700 nm). Given the inevitable transition to BHJs with a 
thickness of ≥ 300 nm in the coming years, using Cu in place of Ag will ensure that the bill of 
materials for the reflective substrate electrode is a small part of the total device cost.   
 
Supporting Information 
All data supporting this study are provided as supplementary information accompanying this paper. 
Figure S1: Transfer matrix simulation of the optical field in OPV devices with the structure: reflective 
substrate electrode / ZnO (25 nm) / PCE10 – PC70BM (300 nm) / MoOx (10 nm)/ Ag (11 nm); Figure 
S2: Transfer matrix simulation of the optical field in OPV devices with the structure: reflective 
substrate electrode / ZnO (25 nm) / PCE10 – PC70BM (400 nm) / MoOx (10 nm)/ Ag (11 nm); Figure 
S3: Representative dark current density – voltage characteristics for a top-illuminated OPV device 
with the architecture: Cu (85 nm) / ZnO (25 nm) / PCE10 – PC70BM (100 nm) / MoOx (10 nm)/ Ag 
(11 nm) measured after different periods under one sun simulated solar illumination (100 mW cm−2; 
AM 1.5G); Figure S4: Representative current density – voltage characteristics for top-illuminated 
OPV devices with the architecture: Cu (85 nm) / Al (0.8 nm) / PCE10 – PC70BM (100 nm) / MoOx 
(10 nm)/ Ag (11 nm) measured under one sun simulated solar illumination (100 mW cm−2; AM 1.5G); 
Figure S5: Transfer matrix simulation of the reflectance from the top 11 nm Ag electrode in a top-
illuminated OPV with the architecture: Ag (85nm) / ZnO (25 nm) / PCE10 – PC70BM (300 nm) / 
MoOx (10 nm)/ Ag (11 nm); Figure S6: Transfer matrix simulation of the reflectance from the ITO 
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glass electrode in an OPV with the architecture: Ag (85nm) / ZnO (25 nm) / PCE10 – PC70BM (300 
nm) / MoOx (10 nm)/ ITO glass and experimental methods.     
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